Mycobacteria, like many prokaryotes, have a peptidoglycan with peptides composed of L-alanine (or glycine), D-iso-glutamine, mesodiaminopimelate, and D-alanine. We sought to study mycobacterial peptidoglycan biosynthesis by constructing diaminopimelate (DAP) auxotrophs of Mycobacterium smegmatis and then isolating spontaneous mutants of these auxotrophs that can grow in the absence of DAP. Here we report the isolation and characterization of seven classes of spontaneous M. smegmatis mutants with extragenic mutations that can suppress the DAP requirement of DAP auxotrophs. ß
Introduction
A current model posits that the mycobacterial cell envelope is arranged as an asymmetric bilayer, with an outer layer composed of short-chain glycolipids and an inner layer of long-chain mycolic acids covalently attached to an arabinogalactan polysaccharide. The arabinogalactan is in turn covalently attached to the peptidoglycan via a disaccharide linker, forming the mycolylarabinogalactanp eptidoglycan complex (mAGP). Associated with the mAGP are lipoarabinomannan (LAM), exopolysaccharides, and a variety of proteins [1] . We are interested in studying the biosynthesis of the peptidoglycan layer of the mycobacterial cell envelope because the peptidoglycan anchors the principal mass of the cell envelope and its biosynthesis in mycobacteria has not been studied in great detail. Furthermore, we believe our studies of mycobacterial peptidoglycan synthesis and assembly may help reveal how the various components of the cell envelope are coordinately assembled. Mycobacterial peptidoglycan consists of glycan chains of alternating N-glycolylmuramic acid and N-acetylglucosamine with cross-linked tetrapeptides (L-alanyl (or glycyl)-D-iso-glutaminyl-meso-diaminopimelyl-D-alanine) [2] . The amino acid at the third position is crucial, as it is the site where cross-linking between adjacent peptides occurs during assembly of mature peptidoglycan. In mycobacteria, the third position amino acid is meso-diaminopimelate (meso-DAP) which is cross-linked with either alanine or DAP residues on other peptides [3] . The signi¢cance of these two types of cross-links is unknown.
We used a genetic approach to study the role of DAP in mycobacterial peptidoglycan biosynthesis and envelope architecture. We have previously described a DAP auxotroph of Mycobacterium smegmatis (mc 2 1278) constructed by targeted disruption of the ask gene, encoding aspartokinase, the ¢rst enzyme in the aspartate family pathway [4] . In this report, we describe the construction of an ask mutant of a di¡erent strain of M. smegmatis, and the subsequent isolation and phenotypic characterization of spontaneous mutants with extragenic mutations that can suppress the DAP requirement of these DAP auxotrophs. To the best of our knowledge, this is the ¢rst report of spontaneous extragenic mutations with this phenotype.
Materials and methods

Bacterial strains and growth conditions
M. smegmatis strains mc 2 1278 (ept-4 lysA rpsL5 ask1 : :aph), mc 2 1493 (ept-1 vlysA4), PM274 (ept-1 vlysA4 rpsL6), and PM321 (ept-1 vlysA4 rpsL6 ask1: :aph) were grown in LBT (Luria^Bertani broth containing 0.1% (w/v) Tween 80), or on LB agar, or in Middlebrook 7H9 medium supplemented with ADS (0.5% bovine serum albumin fraction V (Roche), 0.2% dextrose, 0.85% NaCl) and 0.05% (w/v) Tween 80 (7H9-T-ADS) or on Middlebrook 7H10 medium supplemented with ADS. The detergent Tween 80 was included in liquid cultures to prevent clumping of mycobacteria. Cultures were incubated at 30, 37, or 42 ‡C as described in Section 3. When needed, L-lysine, L-methionine, and L-threonine were added to media at a ¢nal concentration of 40 Wg ml 31 for each, while DL-homoserine was added at 80 Wg ml 31 and meso-DAP added at 200 Wg ml 31 . The antibiotic kanamycin was used at 10 Wg ml 31 . Media were purchased from Becton Dickinson (Sparks, MD, USA) and chemicals purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Antibiotic susceptibilities were tested by the disc di¡usion method, wherein cells from saturated cultures of the mutants grown with DAP were washed in DAP-free media and resuspended in same, then mixed with top agar (0.8% (w/v) noble agar in water) and pour-plated onto media with or without DAP. Antibiotic Sensi-Discs were placed on the seeded media and the plates incubated at the appropriate temperature for 2^4 days, at which time the zones of inhibition around the discs were measured. The antibiotic Sensi-Discs used in this study were purchased from Becton Dickinson : amoxicillin/clavulanate (20 Wg/ 10 Wg), isoniazid (5 Wg), and ethambutol (50 Wg).
Mutant isolation
Liquid cultures of the DAP auxotrophs were incubated at either 37 or 30 ‡C and grown to saturation with shaking (100 rpm). The cells were pelleted, washed and resuspended in media lacking DAP, and plated onto the appropriate media lacking DAP and Tween 80 and incubated at the appropriate temperature. Viable counts were determined for each culture. Mutants isolated at 30 ‡C were tested for their ability to grow at 37 and 42 ‡C in the presence and absence of DAP. All mutants were also tested on solid media containing Tween 80, to determine if the detergent had any e¡ect on the ability of the mutants to grow in the absence of DAP.
Results and discussion
M. smegmatis DAP auxotrophs
DAP, the third-position amino acid of the mycobacterial peptidoglycan, is part of the aspartate family of amino acids, along with methionine (Met), threonine (Thr), and lysine (Lys) (Fig. 1 ). Our previously described M. smeg- matis DAP auxotroph, mc 2 1278, was constructed by allelic exchange of the ask gene encoding aspartokinase (ask1: :aph) and requires Met, Thr, Lys and DAP for growth ( Fig. 1) [4] . The strain mc 2 1278 was constructed using the strain P73, a derivative of a strain of M. smegmatis designated PM5 and distinct from the more commonly used M. smegmatis strain mc 2 155. We initially used strain P73 because it was the only lysine auxotroph available at the time, and lysine auxotrophs of M. smegmatis utilize exogenous DAP better than lysine prototrophs [4] . However, we wanted to construct an ask1: :aph mutant of M. smegmatis strain mc 2 155 because it is the strain used for the M. smegmatis genome sequencing project underway at The Institute for Genomic Research, Rockville, MD, USA (http://www.tigr.org/tdb/mdb/mdbinprogress.html), and is the strain for which the majority of mycobacterial genetic tools have been developed. Recently, a lysine auxotroph, strain mc 2 1493, was constructed in a mc 2 155 background by deletion of the lysA gene ( Fig. 1 ) and was used for this work [5] . Allelic exchange of the ask gene in this new background was done as described previously, using plasmid pYUB609 [4] and strain PM274, a streptomycin-resistant rpsL mutant derived from the previously described vlysA4 mutant, mc 2 1493 [5] . The resultant ask1 : :aph mutant, PM321, required Met, Thr, Lys, and DAP for growth, as previously observed for mc 2 1278. However, unlike mc 2 1278, strain PM321 also required homoserine for growth. As shown in Fig. 1 , an ask mutant should not be able to synthesize homeserine, the precursor for Met and Thr, but homoserine should not be required by an ask mutant if both Met and Thr are supplied in the medium. We know that Met and Thr are taken up by mc 2 155 strains [4] ; therefore, the PM321 mutant should not require homoserine supplementation. The reason for this phenotypic di¡erence between the two ask M. smegmatis mutants is unknown. Furthermore, while the DAP auxotrophic strain mc 2 1278 can grow on virtually any rich medium (such as LB) supplemented with DAP, the strain PM321 grew best on minimal medium (Middlebrook 7H9 or 7H10) supplemented with the individual amino acids.
Both mutants undergo 'DAP-less death', which is characterized by cell lysis one generation after being starved of DAP, the result of the inability of the cells to synthesize a cell wall [4] .
Isolation of mutants that can grow without DAP
The two DAP auxotrophic strains were grown in either LBT with DAP (for mc 2 1278) or Middlebrook 7H9-T-ADS medium supplemented with Met, Lys, Thr, homoserine, and DAP (for PM321). From separate cultures, we obtained several mutants that could grow in the absence of DAP. These mutants were isolated from the cultures at a frequency of 10 38^1 0 310 . The presence of the ask1: :aph allele in the mutants was con¢rmed by checking that all the mutants were kanamycin-resistant and still required Met, Thr, and Lys for growth, and in the case of PM321-derived mutants, still required Met, Thr, Lys, and homoserine. A subset of mutants was also checked for the ask1: :aph allele by Southern blot (data not shown).
Characterization of mutants that can grow without DAP
We provisionally named the mutated alleles in these mutants 'sud' for 'suppressors of DAP-less death'. The sud mutants were grouped into seven phenotypic classes (Table 1) . Class I mutants grew poorly in the absence of DAP, forming very small colonies on plates, while class II mutants grew well on media without DAP. Surprisingly, three classes of sud mutants (III, VI, and VII) did not grow well in the presence of DAP. The class III mutants barely grew on media in the presence of DAP but grew well in the absence of DAP (Table 1) . Mutants belonging to classes VI and VII also grew poorly in the presence of DAP, although class VII mutants were not as inhibited by DAP as class VI and III mutants. Interestingly, all three classes of the 'DAP-sensitive' mutants (III, VI, VII) could tolerate DAP if Tween 80 was present in the solid media ( Table 1) . However, the mutants in classes VI and VII were inhibited by Tween 80 in the absence of DAP (Table  1) . The remaining two classes (IV, V) are composed of mutants obtained from cultures grown at 30 ‡C. These mutants were temperature-sensitive, as they did not grow at 37 or 42 ‡C in the absence of DAP (Table 1 ). In addition, class IV and V sud mutants did not grow without DAP if there was Tween 80 in the medium, but they were not sensitive to Tween 80 in the presence of DAP ( Table  1 ). The class IV and V sud mutants are distinguished from each other by colony size. Class IV mutants form smaller colonies and did not grow as well as class V mutants in the absence of DAP (Table 1) . We believe that these sud mutants have extragenic mutations that allow growth in the absence of DAP. Since there is no additional DAP biosynthetic pathway that could be active in these mutants, we hypothesize that the sud mutations permit an alternative amino acid to be used in place of DAP for the biosynthesis of peptidoglycan precursors. The various phenotypes observed in these mutants might be the result of the presence of a particular amino acid in peptidoglycan precursors and subsequent alterations in cell wall cross-linking and architectural relationships to other components of the cell envelope. For example, since mycobacteria make both DAP^Ala and DAP^DAP cross-links, the phenotype of the 'DAP-sensitive' mutants might result from the insertion of an abnormal amino acid and DAP into the peptidoglycan precursors, and the subsequent inability of the cell to make cross-links between DAP and the abnormal amino acid. The observation that mutants in ¢ve of the seven classes are a¡ected by the presence of Tween 80 suggests that the altered cell wall is somehow a¡ecting the cell envelope in general. Tween 80 is commonly used to prevent clumping of mycobacterial liquid cultures and it is known that this detergent can a¡ect the permeability (and presumably, the structure) of the mycobacterial cell envelope [5, 6] . Thus, it follows that sud mutants with changes in the cell wall brought about by an altered peptidoglycan structure might be di¡erentially a¡ected by the presence of Tween 80 and its e¡ects on the cell envelope. In a similar scenario, the phenotype of the temperature-sensitive mutants could be due to the incompatibility of a certain abnormal amino acid in the peptidoglycan to cell-envelope £uidity at higher growth temperatures. Alternatively, the temperature sensitivity of these mutants might result from thermal instability of the mutant enzyme responsible for the insertion of the incorrect amino acid, or from an inability to cope with a faster growth rate at the elevated temperatures.
Another observation suggests that the cell wall is altered in the sud mutants. The parental mc 2 1278 DAP auxotroph can grow in LBT supplemented with DAP and all sud mutants derived from mc 2 1278 were initially isolated on LB agar lacking DAP. We wanted to know if these mc 2 1278-derived sud mutants could grow on other kinds of complex rich media (Tryptic Soy and Mueller^Hinton agar) or on de¢ned medium (Middlebrook 7H10) lacking DAP. We found that class I, II, IV, and V sud mutants could grow on all these solid media supplemented with DAP, but none of the mutants could grow on these solid media in the absence of DAP (data not shown). Oddly enough, the 'DAP-sensitive' class III mutants could not grow on these alternative media with or without DAP. In contrast to the experiments with solid media, the mc 2 1278-derived sud mutants of classes II and III could grow in the various liquid forms of the media lacking DAP. This was not due to the presence of Tween 80 in the liquid media, since inclusion of Tween 80 into the solid media did not allow growth in the absence of DAP. We hypothesize that these results might suggest that the sud mutants have an altered peptidoglycan structure that might be detrimental for growth under certain osmotic or ionic conditions (di¡erent complex and de¢ned media) and stresses (growth on a surface versus growth in suspension).
If the sud mutants have an altered peptidoglycan structure due to di¡erences in peptide cross-linking, one would expect that the mutants might be more susceptible to L-lactam antibiotics. This class of antibiotics targets the enzymes responsible for polymerizing the glycan chains of the peptidoglycan and cross-linking the peptides, as well as modifying it during growth and cell division. The disc di¡usion method was used to test the susceptibility of representatives of each class to the L-lactam antibiotic amoxicillin with the L-lactamase inhibitor clavulanic acid. The inhibitor is required because M. smegmatis produces a high level of L-lactamase activity [7] . We could not test the class I mutants, as their growth in the absence of DAP was too poor to produce reliable results. As shown in Table 2 , we found that all of the sud mutants tested showed increased susceptibility to augmentin/clavulanic acid. In most cases, there was a doubling of the zone of inhibition in lawns grown in the absence of DAP, compared to lawns grown with DAP. The class VI mutant, PM440, was unusual in that it showed increased susceptibility in the presence of DAP, compared to the parent (Table 2 ). There was no change in the susceptibility of these mutants to mycobacterial-speci¢c antibiotics such as isoniazid and ethambutol that target other components of the mycobacterial cell envelope (data not shown).
The increased susceptibility of the sud mutants to augmentin/clavulanic acid might be the result of ine⁄cient cross-linking of the modi¢ed peptidoglycan precursors during incorporation into the mature peptidoglycan. Normally, approximately 75% of the peptides in the mycobacterial peptidoglycan are cross-linked [3] . The sud mutants might not maintain such a high degree of cross-links due to ine⁄cient recognition of the abnormal amino acid in the precursors by the transpeptidases. It might be, however, that introduction of a non-DAP amino acid into the peptidoglycan precursors is ine⁄cient and results in lower cytoplasmic pools of the precursors. This would cause a decrease in the overall amount of mature peptidoglycan synthesized, which could result in an increase in augmentin/clavulanic acid susceptibility. Further genetic and biochemical characterizations of these sud mutants will be done to better understand the diverse phenotypes in these unique mutants. The comparison of the cell walls of these mutants to wild-type should lead to an improved understanding of the mycobacterial cell wall structure and metabolism.
